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An extensive surface characterization of hydrofluoric acid (HF) etched and annealed SrTiO; single crystals,
vacuum-annealed below 300 °C, reveals the formation of a two-dimensional electron gas (2DEG). A joint
scanning tunneling spectroscopy and low-energy electron diffraction analysis allows us to associate the surface
metallic state (characterized by the presence of a nonzero density of states close to the Fermi level) with the
low-temperature-annealed highly ordered 1 x 1 reconstructed SrTiO; surface hosting two-dimensional carriers.
Meanwhile, a gap opens in the tunneling spectrum of 2 x 1 reconstructed, high-temperature-annealed surfaces.
X-ray photoemission spectroscopy shows that the metallic state is associated with the surface formation of Ti**.
Recently published photoemission data demonstrated the formation of a 2DEG on the surface of cleaved StTiOs,
while scanning tunneling spectroscopy on crystals heated at high temperature revealed gaplike features: Our
results can help reconcile this seemingly contradicting phenomenology observed so far by scanning tunneling

spectroscopy and photoemission spectroscopy.
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I. INTRODUCTION

The formation of a two-dimensional electron gas (2DEG)
at the interface between SrTiO3z (STO) and LaAlO3; (LAO)
has attracted huge interest since its discovery' because of
the intriguing functionalities related to this phenomenon,
including high-electron mobility,” superconductivity,® and
possibly magnetism.*’ The mechanism at the origin of the
2DEG formation is still the subject of much debate. Electronic
reconstruction and charge transfer at the interface, in the “polar
catastrophe” scenario, is arguably the most likely cause of
the 2DEG formation,"#-1° but oxygen vacancies and cation
intermixing rearrangements at the interface have also been
considered.!''® The overall picture is clouded by the presence
of several complicating factors, such as the possibility to have
n- or p-type interfaces (according to the termination'?), or the
mixing between STO and LAO layers at the interface itself.'”

While the formation of the 2DEG at the STO/LAO interface
is now a well-accepted fact, it is not so obvious whether bare
STO can exhibit the same phenomenon at its interface with
vacuum. STO is the most popular substrate for epitaxial growth
of functional oxides'® and superconducting thin films,'*?°
and it is widely employed as a functional layer in all-oxide
devices, such as superconducting field effect transistor’!~>?
and Josephson junctions.?*?> For these reasons, there is a
tremendous interest in the study of its surface structural and
electronic properties. Without the presence of the polar LaO
and AlO; planes, an electronic reconstruction is not expected
at the (001) surface of stoichiometric STO since the atomic
planes are formally neutral. However, due to the partially
covalent character of the cation-oxygen bonding, contrary
to what the nominal charges of ions suggest, the SrO and
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TiO, surfaces of STO are weakly polar, and thus they are
subject to structural and possible electronic instabilities.?
In addition, from an experimental point of view, while in
LAO/STO a 2DEG at the interface is protected by the LAO
overlayer, a free STO surface is in general unstable against
structural and chemical reconstructions,?’! and experiments
must overcome this difficulty.

Very recent papers>>* demonstrated the formation of a
2DEG on the surface of in situ cleaved STO by angle-resolved
photoemission spectroscopy (ARPES). Oxygen vacancies,
formed in the crystal fracturing®® or triggered by exposure
to ultraviolet light,>> have been indicated as responsible for
the formation and confinement of the 2DEG seen by ARPES
at the surface. Very interestingly, some of the electronic
properties of the freshly cleaved surface are similar to those
of the LAO/STO interface, and in particular they exhibit a
similar splitting between 3dxy and 3dxz/3dyz bands.!>34-3¢
On the other hand, scanning tunneling spectroscopy (STS)
measurements on STO crystals heated at high temperature (on
the order of 800—1200 °C) revealed gaplike features and several
kinds of surface reconstruction.’*37-3¥ (Annealing is necessary
to give conducting properties to a stoichiometric, insulating,
STO crystal, making it suitable for STS measurements.) It
has not yet been clarified whether the apparently opposite
results between photoemission and tunneling analyses should
be ascribed to possible differences in the techniques and in
the physical phenomena that they probe (so that they can not
really be compared), or instead are related to truly intrinsic
differences in the samples due to the specific preparation
procedures.

Here, we present the results of our investigation of the
density of states (DOS) around the Fermi level by STS. The
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samples were treated with different annealing procedures to
produce conductivity at the surface. We found that thermal
treatments on well-ordered TiO, surfaces at relatively low
temperatures (250 °C) in ultrahigh-vacuum conditions create
a surface layer hosting a 2D electron system. On the other
hand, a treatment at higher temperature recovers the insulating
surface state.

II. EXPERIMENT

STO crystals with (001) surface cut were purchased from
SurfaceNet GmbH. Their surfaces were treated by a standard
etching (in HF solution)* and annealing procedure at 950 °C,
1 h in oxygen (1 atm) under continuous flow (10° sccm), to
realize a TiO,-terminated surface. Before being transferred
in situ to the ultrahigh-vacuum (UHV) scanning tunneling
microscope (STM) chamber (base pressure &5 x 10~'! mbar),
the samples were treated in oxygen atmosphere (0.1 mbar,
350 °C for 1 h). Further details regarding the sample prepa-
ration methods in our labs can be found in Ref. 40. The
structural quality of the surface was checked by reflection
high-energy electron diffraction (RHEED), which showed
1 x 1 diffraction patterns of the nonreconstructed (001) STO
surfaces. The resulting STO crystals were transparent and any
attempt to establish a tunnel current between the STM tip
and the surface of such samples failed. On these insulating
samples, as expected for stoichiometric STO without oxygen
vacancies, atomic force microscope (AFM) images revealed
the presence of atomically flat terraces [the mean roughness
on the terrace being less than 0.1 nm, Fig. 1(a)], separated by
single unit-cell steps. A detailed study of the quality of STO
surfaces after identical treatment is reported in Ref. 41.

As opposed to the previously described process, the
subsequent thermal treatments described in the next section
resulted in conducting surfaces, which we explored by scan-
ning tunneling microscopy and spectroscopy (STM/STS). The
measurements were realized at room temperature using a com-
mercial Omicron VI-AFM scanning tunneling microscope
equipped with W or Ptlr tips. Depending on the particular
measurement, the tip-to-sample bias voltage (V;) was set in
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FIG. 1. (Color online) (a) Noncontact AFM topography (1 um x
1 pm) on a stoichiometric STO crystal showing the terrace structure
of the surface. (b) STM topography (400 nm x 400 nm) on Sample A
(annealed at 250 °C), and (c) height profile along the shown dashed
line.

PHYSICAL REVIEW B 86, 155425 (2012)

the range of 1-2 V, with a tunneling current of 0.1-0.7 nA
(tunneling resistance in the range of 1-20 G£2).

III. TUNNEL RESULTS

Following the preliminary treatments to prepare the crys-
tals, we first performed annealing at relatively low temper-
atures (i.e., in the range of 250-300 °C) and pressures of
about 5 x 107! mbar. After these treatments, we observed
by visual inspection that the samples remain transparent.
However, as mentioned above, their surfaces were conducting,
as revealed by the absence of charging effects (that are instead
noticeable in fully oxidized samples) during low-energy
electron diffraction (LEED). STM measurements also showed
a difference: while it was impossible to get a tunneling current
before the vacuum annealing treatment, stable tunnel junctions
were established between the STM tip and the annealed
surfaces. Figures 1(b) and 1(c) show an STM image of a sample
annealed at 250 °C for 12 h in UHV conditions (Sample A),
together with a height profile. These data demonstrate that
high-surface quality was preserved in the annealed crystals,
which is confirmed by the sharp 1 x 1 LEED patterns from
these surfaces [Fig. 2(a)]. A thermal treatment at a slightly
higher temperature of 350 °C (Sample B) did not change
the morphology, and the LEED pattern remained the same.
By contrast, a 2 x 1 reconstruction is observed on TiO,-
terminated STO annealed in vacuum at 900 °C [Sample C,
Fig. 2(b)].

While in principle it is possible to obtain STM data with
atomic resolution from samples that have been annealed at
very high temperatures in UHV,?’3%%? attempts to achieve
atomic resolution on our samples were unsuccessful. This
is most likely due to the inherent difficulties to achieve
suitable experimental conditions for this purpose on STO
surface. Since the focus of this work is the study of STO
surfaces annealed at lower temperatures, we did not attempt
to reproduce STM images of conditions occurring at higher
annealing temperatures, which have already been shown to
include several types of reconstructions.3%4>=

The tunneling current and differential tunneling conduc-
tance (by the standard lock-in technique; oscillation frequency
and amplitude: 670 Hz, 20 mV) versus bias voltage (d1/dV
curves) were recorded on Samples A, B, and C [Figs. 3(a)
and 3(b)]. The curves were acquired over a grid of points on

FIG. 2. (Color online) (a) LEED image on Sample A (annealed
at 250 °C) exhibits a 1x1 pattern; the same result is obtained on
Sample B (annealed at 350 °C). (b) On Sample C (annealed at 900 °C),
the LEED pattern shows a 2 x 1 reconstruction of the surface.
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FIG. 3. (Color online) (a) Tunneling /-V (inset: magnification around V = 0) and (b) dI/dV recorded on Samples A, B, and C
(T, = annealing temperature). Tunneling curves were recorded at several locations on the surfaces forming a grid of point for each measured
crystal, and the displayed curves are an average of all such single measurements. The tunneling conditions were V, = —1.5V, I = 0.7 nA for
Samples A and B; V, = —1.5V, I = 0.1 nA for Sample C. (c) Tunneling DOS estimation for each measured curve using the normalization to
the tunneling matrix coefficient for Sample A, as described in Ref. 46; (d) magnification of some DOS curves (vertically displaced for clarity)
to highlight the spectroscopic structures described in the text. (e) and (f) Same DOS estimation, performed on Sample B.

several scanning regions in order to improve statistics and to
check the homogeneity of the sample surface.
Bulk-conducting STO (Sample C) exhibits a strong asym-
metry between occupied (negative bias) and unoccupied
(positive bias) states and a quite flat near-zero signal below the
Fermi energy. This behavior reflects the strongly asymmetric
DOS of n-doped STO, where the doping promotes electrons
into the empty Ti 3d states. At moderate doping, the Fermi
level is not far from the bottom of the conduction band, which
in stoichiometric bulk samples lies about 3.2 eV above the
valence band edge. The donor states partially fall within the
gap region, but the associated DOS is low. On this basis,
a substantial flux of electrons from the metallic tip jumps
into the free states above the Fermi level under positive
bias, while the reverse process is dramatically hampered,
resulting in diodelike /-V characteristics and corresponding
dl/dV curves [Figs. 3(a) and 3(b)]. On the other hand, the
low-T annealed Sample A (250 °C) shows very different STS
spectra, which are unusual in many respects. The dI/dV
spectra show nonzero conductivity at the Fermi level, an
almost symmetric behavior at low bias for occupied and
unoccupied states, and a V-shaped background. Sample B,
which was annealed at a slightly higher temperature (350 °C),

shows instead a gaplike feature and low DOS at the Fermi
level, suggesting this surface has a less metallic character,
even if it does not yet exhibit the asymmetric fully gapped
feature described for Sample C. Similar features were observed
by STS on nonreconstructed TiO,-terminated STO,’**? in
agreement with ab initio calculations.*

IV. DISCUSSION

While the observation on Sample C is not surprising, being
consistent with previous tunneling measurements,*** it is
remarkable to notice that vacuum annealing procedures at
lower temperatures produce tunneling curves exhibiting more
conductinglike appearances. These findings indicate different
behaviors between the electronic features of the bulk and the
surface as a consequence of thermal treatments in vacuum.
Indeed, the visual inspection shows transparent bulk samples,
which are therefore still insulating (and actually it is well
known that such low-temperature annealings are not able to
produce conducting samples). This means that the conducting
or insulating character of the tunneling curves can not be
ascribed to the bulk transport properties. Samples A and B
have surfaces with conducting properties (as proven by the
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appearance of the STS spectra), despite the fact that the
annealing at temperatures below 400 °C are not able to produce
a conducting state in the bulk (as it is, on the contrary, for
Sample C); the spectroscopic conducting appearance of their
surfaces can only be explained by assuming that the relatively
significant amount of created free electrons are confined in
a thin two-dimensional surface layer, enhancing the carrier
density and, likely, resulting in a 2DEG state similar to what
has been observed by ARPES on in situ cleaved STO.3>3
The dramatic difference between the electronic properties of
the bulk and the surface is consistent with data reported in
Ref. 33, where the features of the 2DEG on the STO surface
are independent of the STO bulk properties over a large range
of bulk carrier densities, from less than 10!* cm 3 (insulating
STO) to 10%° cm™3 (strongly doped). We will focus later on
possible interpretations of mechanisms leading to the 2DEG
formation with moderate annealing, and why it looks less
evident when slightly increasing the annealing temperature
(Sample B) and can even be destroyed by higher temperatures
(Sample C).

Some fine structures in the spectroscopic curves measured
on Sample A also appear to be connected to the 2DEG state.
We estimated the local density of states (LDOS) through a
normalization procedure reviewed in Ref. 46 and references
therein. The procedure is based on the normalization of the
tunneling differential conductance curves to a tunneling matrix
coefficient 7 in an algorithm also involving the I versus V
curves. The coefficient T, depending on the (unknown) work
functions of the electrodes and on the tip-to-sample separation,
can be estimated through a fit of the d1/dV curve itself. This
method provides a reliable estimation of the LDOS close to the
Fermi energy. The details concerning the calculation procedure
and the principles can be found in Ref. 46, as well as some
cited examples of application of this procedure. In Fig. 3(c),
we report the estimated LDOS curves for each surface location
of Sample A (best fit parameters: tip-sample distance =0.5
nm, work function =4 eV), showing the high reproducibility
of the results over the whole scanned area, while Fig. 3(d)
highlights the spectroscopic features of the occupied states
which can be compared with published ARPES results. The
LDOS is characterized by a nonzero value at the Fermi energy,
and by two reproducible structures at about —100 mV (where
the DOS plateau near the Fermi level starts to increase) and
between —200 and —300 meV (a pronounced kink whose
energy position and appearance are slightly dependent on
the location). For comparison, we also report in Figs. 3(e)
and 3(e) the results of the same procedure applied to the
tunneling spectra collected on Sample B: the curves are less
homogeneous than on Sample A, the zero-bias LDOS is much
lower, and the spectroscopic fine structures are much more
smeared or even absent (depending on the location).

From theoretical calculations and recent ARPES measure-
ments performed on freshly cleaved STO surfaces demon-
strating the existence of a 2D electron system,*>* one of
the signatures of the 2DEG state is the presence of multiple
metallic subbands (which are not expected for STO bulk
samples) associated with a confining surface potential. The
deepest of these bands extends between 200 and 300 meV
below the Fermi level, while the next lowest band extends to
about 100 meV below Ep. Our findings are consistent with
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the results obtained by ARPES: the conductinglike spectra
recorded on Sample A exhibit features at the same energy
positions, while the spectra on Sample B lose such structures
and move towards an insulating character, suggesting that the
spectroscopic behavior of the surface is related to the 2DEG
formation or disappearance.

The apparent reopening of a gaplike structure when the
annealing temperature is increased indicates an evolution back
to the insulating state. The apparent reopening of a gaplike
structure when the annealing temperature is increased shows
a nonmonotonic evolution of the surface DOS. Indeed, this
occurrence indicates that the metalliclike spectra obtained
after the lowest-T annealing are no longer preserved when
the samples are heated at higher temperatures: the spectra
recorded on Sample B and more evidently on Sample C tend
to recover a DOS more similar to that of a stoichiometric
crystal. Such nonmonotonic behavior might be due (at least
in the low-temperature-annealing regime) to the competition
of the thermal-activated oxygen fluxes from the bulk to the
surface and from the surface to the vacuum, resulting in an
increase of the surface disorder. Alternatively or in addition,
as a consequence of increasing annealing temperature in the
low-temperature regime, the surface might be degraded by
the diffusion of oxygen or cationic species to the surface (as
observed, for example, in Ref. 47), or be affected by structural
distortions. High-temperature annealing, on the other hand,
produces a new kind of ordered surface (1 x 2) (Sample C)
caused by a higher depletion of the oxygen.

Data from x-ray photoemission spectroscopy (XPS) indi-
cate a difference in the photoemission signal coming from
spectroscopic features attributed to Ti’*t between spectra
collected on samples annealed below 400 °C (such as Samples
A and B) and samples annealed at higher temperatures (such
as Sample C). Figure 4 shows XPS spectra from Samples A
and C around the binding energies of the Ti 2 p doublet states
(photon energy: hv = 1.119 keV) at emission angles from
the STO surface of & = 55 °C (i.e., shallow emission 35 °C
off-normal from the STO surface plane). This configuration
of the measurement enhances the surface sensitivity. The
shoulder at the lower binding-energy side, located between
457 and 458 eV, is routinely attributed to the presence of
Tit states,*® rather than the Ti** states of bulk stoichiometric
STO. The Ti**T detection only when the system exhibits
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FIG. 4. (Color online) XPS spectra on Samples A and C around
the binding energy range of the Ti 2p doublet states.
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surface metallicity supports the hypothesis that the oxygen
vacancies concentration at the surface (even in a state in
which the bulk can not have a large vacancies concentration)
could be responsible of the observed conductinglike tunnel
spectra, by increasing the electron density around Ti sites. The
spectra collected on Sample C under the same conditions do
not show a pronounced Ti** shoulder, despite the fact that
Sample C, with its 1 x 2 reconstructed surface, should have
higher concentration of surface and bulk oxygen vacancies in
comparison to Samples A and B. The relative lack of Ti**
seen by XPS at the surface of Sample C is consistent with its
insulating nature and suggests that structural reconstruction
(e.g., vacancy ordering) and/or disorder (e.g., Sr migration)
along with associated band-bending effects®” induced during
the annealing process can kill the metallic surface state found
at lower annealing temperatures.

V. CONCLUSIONS

In conclusion, we measured the tunneling DOS of TiO,-
terminated STO single crystals after annealing in UHV at
different temperatures. In the resulting noninsulating surface
state, the presence of a nonzero DOS above and below
the Fermi level was observed after thermal treatments at
relatively low temperatures. The interpretation in terms of

PHYSICAL REVIEW B 86, 155425 (2012)

2D confinement of carriers is supported by the experimental
evidences, and by some spectroscopic features in agreement
with very recent ARPES measurements on vacuum-cleaved
STO, which showed the presence of a 2DEG at the surface.
The existence of an optimal temperature for the observation of
the effect could be explained in terms of competition between
the oxygen diffusion from the bulk to the surface and the
oxygen loss from the surface to the vacuum. Alternatively,
or in addition, careful low-temperature annealing may in-
duce surface structural changes consistent with 1x1 surface
ordering (such as Ti-O bond buckling) which could play a
role in 2DEG formation. Further increasing the annealing
temperature eventually leads to the complete disappearance of
the 2DEG, and it is possible that additional effects aside from
the oxygen dynamics at the surface are responsible for this
behavior.
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